A procedure of implementing QCD corrections in Monte Carlo programs by a reweighting method is described for the photoproduction of W bosons at HERA. Tables for W boson production in LO and NLO are given in bins of the transverse momentum of the W boson and its rapidity.
Introduction
In this note we describe the reweighting of leading order (LO) QCD Monte Carlo (MC) programs for W production using analytical next-to-leading order (NLO) calculations [1] [2] [3] of the leading QCD corrections. Since collinear divergences appear even at LO due to photon splitting into collinearpairs, the reweighting has to be performed differently for large and small values of W -transverse momenta p t,W .
First, a short overview over the theoretical status is given in Section 2. The reweighting method is explained in Section 3 with particular emphasis on the LO MC program EPVEC [4] . In the appendices tables for the reweighting are presented.
NLO QCD Corrections to W Production at HERA

Cross Sections for W Bosons with transverse momentum
In [3] the differential cross section for e ± + p → e ± + W + X (X = 1 or 2 jets) has been calculated with respect to the transverse momentum p t,W and rapidity y W of the W boson; resolved photoproduction is calculated in LO, direct photoproduction in NLO QCD and deep inelastic scattering (DIS) in LO. Typical LO diagrams for the three W + 1 jet For p t,W > 10 GeV direct photoproduction is the dominating process. NLO QCD corrections modify the LO direct cross section by about ±(10 − 15)% at the nominal renormalization/factorization scale µ R = µ F = M W with M W being the W mass [3] . The remaining theoretical uncertainty is estimated to be about 10% (instead of about 30% in LO).
Since the NLO corrections are moderate and only hardly affect the shapes of the differential distributions [3] , they can be implemented with sufficient accuracy in a LO Monte Carlo (MC) program by reweighting the generated events. The hadronic parts of the processes are treated inclusively so that no double counting arises with parton shower effects. The procedure will be described in Section 3. 
Total Cross Sections
In [1, 2] the total cross section for resolved photoproduction of W bosons at HERA is calculated in NLO 1 . The total cross sections for direct photoproduction and DIS are calculated in LO. Typical LO diagrams for these three types of W boson production mechanisms are depicted in Fig. 3 . Typical NLO diagrams in resolved photoproduction are shown in Fig. 4 . The total cross section is dominated by low p t,W contributions coming from resolved photoproduction. For this process, the NLO QCD corrections modify the LO contribution by about 40% at the nominal renormalization/factorization scale µ R = µ F = M W , thus affecting the total W production rate significantly. The inclusion of NLO QCD contribution is estimated to reduce the theoretical uncertainty to roughly 10% compared to about 30% at LO. 1 Note that the LO resolved photoproduction process is of the order α 0 s for total W production (cf. Fig. 3 ) while it is of first order in α s for W + 1 jet production (cf. Fig 1) . 3 
Reweighting Method
In [1] [2] [3] the DIS and photoproduction regimes are separated by a conventional cut in the photon virtuality −Q 2 . The photoproduction regime is defined as Q 2 < Q 2 max (Q 2 max chosen as 4 GeV 2 ). If a LO MC uses the same separation cut, the reweighting can be performed separately for the photoproduction regime (DIS stays unreweighted in that case), which is described in the following. This is, however, not the case for the EPVEC MC which will be discussed separately.
Reweighting for finite transverse momenta of the W boson
For finite transverse momenta of the W boson the event sample for generated partons in the LO MC is divided in bins of the W 's transverse momentum p t,W and rapidity y W (defined to be positive in the electron/positron direction). To implement NLO corrections each generated photoproduction event of the corresponding bin acquires a new weight
LO res dp t,W dy W + d 2 σ N LO dir dp t,W dy W d 2 σ M C res dp t,W dy W + d 2 σ M C dir dp t,W dy W ,
where d 2 σ LO res dp t,W dy W and d 2 σ NLO dir dp t,W dy W are the double differential cross sections for resolved photoproduction in LO and direct photoproduction in NLO as calculated in [3] .
res dp t,W dy W and d 2 σ M C dir dp t,W dy W are the double differential cross sections for resolved and direct photoproduction in LO taken from the MC 2 . In the appendix tables for the double differential cross sections are given for several values of p t,W and y W as calculated in [3] . These values should be taken as mean values for the respective bins. The bin widths are ∆p t,W = 10 GeV and ∆y W = 0.25. The range of 5 < p t,W < 105 GeV and −1.375 < y W,cms < 1.375 in the center of mass system is covered. Bin fluctuations are estimated be less than 2% and thus negligible.
Reweighting for small transverse momenta of the W boson
Towards small transverse momenta p t,W the differential cross sections diverge due to collinear and infrared divergences. Thus, only the renormalized total cross sections are calculated analytically [1, 2] . In the NLO calculation the rapidity-integrated cross section for p t,W < 5 GeV can be obtained as 
for resolved photoproduction 3 and by
for direct photoproduction. The numerical values are given in the appendix. However, it should be stressed that the values for σ LO res (p t,W > 5 GeV) and σ LO dir (p t,W > 5 GeV) develop sizeable theoretical uncertainties. For the lowest bins with p t,W < 5 GeV a rapidityindependent weighting factor is applied:
Reweighting EPVEC MC
The analytical calculations [1] [2] [3] differ from the calculations of the EPVEC MC generator [4] in several aspects which are discussed in detail in [2] . The differences are well understood and of the order of 10% in the total W production cross section. One main difference between EPVEC and the above analytical calculations is the different separation between DIS and photoproduction regimes. EPVEC imposes a cut on the u-channel momentum transfer in the γ * q subprocess (see second diagram of Figs. 1, 3) for the separation. In [1] [2] [3] the separation is achieved by means of a cut in the photon virtuality −Q 2 . These differences are qualitatively illustrated in Fig. 5 4 . As a consequence only the sum of DIS and photoproduction cross sections can be reweighted. The weighting factor corresponding to Eq. (1) which has now to be applied to each generated EPVEC W production event (DIS and photoproduction), reads
3 Note that both σ N LO res (total) and σ LO res (p t,W > 5 GeV) are of the same order of α s (cf. Figs. 1, 4) . 4 In Refs. [1] [2] [3] direct and resolved photoproduction are disentangled by mass factorization in dimensional regularization. This means, that collinear singularities, arising for the final state quark q ′ being collinear with the initial state photon, are absorbed into the photonic quark densities defined at the factorization scale µ F .
In EPVEC the resulting γq → W q ′ cross section for the region |û| < u cut is split into three parts (cf. Eq. (2.9) of [4] ): one contains the photon structure function and is therefore equivalent to the resolved photon part. The residual two parts determine the finite rest after factorizing the resolved photon contribution and remove double counting of the resolved photon cross section with the DIS region. Both terms involve direct photon couplings to fermions and W bosons. However, this should not be mixed up with direct photoproduction as defined in Refs. [1] [2] [3] and in usual HERA analyses. Moreover, in EPVEC the resolved photon part is defined in the DIS γ scheme as opposed to the MS scheme of the resolved photoproduction part in Refs. [1] [2] [3] and in usual HERA analyses.
The deep inelastic region in EPVEC, defined by |û| > u cut , is also not identical to the DIS part in Ref. [3] and usual HERA analyses. In particular, the direct photoproduction events of Refs. [1] [2] [3] with |û| > u cut are included in the deep inelastic part of EPVEC. Figure 5 : Different separation between DIS and photoproduction regime in the analytical calculations of Refs. [1] [2] [3] (left) and EPVEC [4] 
(right).
with the double differential cross section for DIS in LO d 2 σ LO DIS dp t,W dy W as calculated in [3] and the W production cross section d 2 σ EPVEC W production dp t,W dy W taken from EPVEC 5 . Using the EPVEC LO cross sections in the denominator of the weighting factors corrects for the major differences between EPVEC conventions and those of Ref. [3] . (The use of the LO cross sections of [3] would be inconsistent.)
The weighting factor for the first p t,W bin corresponding to Eq. (4) is given by
. (6) A Double Differential Cross Sections Double differential cross sections for different values of transverse momenta p t,W and rapidity, both in the laboratory (y W,lab ) and the center of mass frame (y W,cms ), are presented for the individual W production processes calculated in LO and NLO, respectively. The results are given for proton beam energies of E p = 820 GeV and E p = 920 GeV (and electron/positron beam energies of E e = 27.5 GeV). The ACFGP [5] parton densities are chosen for the photon. All other settings and numerical values of parameters and are as in [3] . No entry means that the respective point is out of phase space.
A.1 Double Differential Cross Sections in LO
For the proton CTEQ4L densities [6] -0.755 1.00 --100.
-0.505 1.25 -- Table 5 : d 2 σ/dp t,W dy W (in pb/GeV) in LO.
A.2 Double Differential Cross Sections including NLO
For the proton CTEQ4M densities [6] are used with NLO strong coupling (Λ (MS) 5 = 202 MeV). The NLO direct part is the sum of 1-jet and 2-jet configurations and thus independent of the jet definition. The following tables also contain the LO cross sections for all processes, now using CTEQ4M densities with NLO α s as for the NLO direct part. The total sum is given as the sum of the resolved LO, direct NLO and DIS LO part.
The following values should be used for the reweighting according to Eqs. (1, 5) . Note that in order to avoid double counting the cross sections for LO resolved photoproduction convoluted with NLO parton densities have to be added to the NLO direct part. -0.755 1.00 0.8147E-07 0.9662E-04 0.1108E-03 0.5030E-04 0.1612E-03 60.
-0.505 1.25
-2.755 -1.00 0.2827E-13 0.3814E-11 0.5773E-11 0.2528E-11 0.8329E-11 70.
-2.505 -0.75 0.5380E-08 0.1702E-06 0.2054E-06 0.9408E-07 0.3049E-06 70.
- -0.755 1.00 -----90.
-0.505 1.25 -----100.
-3.005 -1.25 -----100.
-2.755 -1.00 -----100.
-2.505 -0.75 0.2497E-16 0.5186E-13 0.9218E-13 0.3944E-13 0.1316E-12 100.
-2.255 -0.50 0.2932E-09 0.2809E-07 0.3237E-07 0.1620E-07 0.4887E-07 100.
-2.005 -0.25 0.6506E-08 0.6394E-06 0.7102E-06 0.3503E-06 0.1067E-05 100.
-1.755 0.00 0.2316E-07 0.3092E-05 0.3384E-05 0.1655E-05 0.5062E-05 100.
-1.505 0.25 0.2786E-07 0.6601E-05 0.7206E-05 0.3494E-05 0.1073E-04 100.
-1.255 0.50 0.7556E-08 0.5267E-05 0.5855E-05 0.2806E-05 0.8669E-05 100.
-1.005 0.75 0.8057E-13 0.2574E-08 0.3565E-08 0.1611E-08 0.5176E-08 100.
-0.755 1.00 -----100.
-0.505 1.25 ----- -2.698 -1.00 0.3865E-04 0.6791E-04 0.9051E-04 0.1899E-04 0.1482E-03 10.
- -0.755 1.00 --100.
-0.505 1.25 -- Table 10 : d 2 σ/dp t,W dy W (in pb/GeV) in LO.
B Cross Section for p t,W < 5 GeV
The cross sections for p t,W < 5 GeV are presented for the individual W production processes as calculated in Eqs. (2, 3) and σ LO res (p t,W < 5 GeV) = σ LO res (total) 6 . We give the LO and NLO results for proton beam energies of E p = 820 GeV and E p = 920 GeV (and electron/positron beam energies of E e = 27.5 GeV). The ACFGP [5] parton densities are chosen for the photon. All other settings and numerical values of parameters are as in [3] .
B.1 Cross Section for p t,W < 5 GeV in LO
For the proton CTEQ4L densities [6] are used with LO strong coupling (Λ 
37
is given as the sum of the resolved NLO, direct LO and DIS LO part. The following values should be used for the reweighting according to Eqs. (4, 6 
